Increased concentrations of metal ions after metal-on-metal resurfacing arthroplasty of the hip remain a concern. Although there has been no proven link to long-term health problems or early prosthetic failure, variables associated with high metal ion concentrations should be identified and, if possible, corrected. Our study provides data on metal ion levels from a series of 76 consecutive patients ( The use of metal-on-metal hip resurfacing arthroplasty continues to grow despite concerns about the potential consequences of chronic exposure to metal ions.
Increased concentrations of metal ions after metal-on-metal resurfacing arthroplasty of the hip remain a concern. Although there has been no proven link to long-term health problems or early prosthetic failure, variables associated with high metal ion concentrations should be identified and, if possible, corrected. Our study provides data on metal ion levels from a series of 76 consecutive patients (76 hips) after resurfacing arthroplasty with the Articular Surface Replacement. Chromium and cobalt ion concentrations in the whole blood of patients with smaller (≤ 51 mm) femoral components were significantly higher than in those with the larger (≥ 53 mm) components (p < 0.01). Ion concentrations in the former group were significantly related to the inclination (p = 0.01) and anteversion (p = 0.01) of the acetabular component. The same relationships were not significant in the patients with larger femoral components (p = 0.61 and p = 0.49, respectively). Accurate positioning of the acetabular component intra-operatively is essential in order to reduce the concentration of metal ions in the blood after hip resurfacing arthroplasty with the Articular Surface Replacement implant.
The use of metal-on-metal hip resurfacing arthroplasty continues to grow despite concerns about the potential consequences of chronic exposure to metal ions. 1 Currently, there is no firm evidence to suggest that there is an accumulation of metal particles or an increased risk of systemic or end-organ disease in patients with metal implants. [2] [3] [4] However, the potential of metal-on-metal arthroplasty to trigger mutations leading to increased susceptibility to malignant transformation has been suggested. 5 Pre-malignant changes in the bone marrow adjacent to total hip replacement (THR) implants have been reported. [6] [7] [8] Further concerns include the possibility of delayed-type hypersensitivity reactions 9,10 and teratogenicity. 11 It is likely that the systemic concentrations of metal ions are directly related to the rate of wear of the components. To date, results from tribological studies have proposed that wear rates could be reduced by decreasing the clearance and surface roughness, and by increasing the sphericity and carbon content of the components. [12] [13] [14] [15] [16] [17] An experimental study has suggested that larger components are more likely to produce a thicker fluid film between the articular surfaces.
14 They also provide larger surface areas over which contact stresses are distributed. 18 A meaningful comparison of the results reported so far is difficult because of the different types of sample and analytical methods used. Daniel et al 19 concluded that measurements in whole blood samples using inductively-coupled plasma mass spectrometry were more sensitive than those obtained from serum samples using graphite furnace atomic absorption spectrometry. The former has the ability to overcome any interference caused by the complex matrix in whole blood, 20 making it a more reliable method for measuring levels of metal ions. The concentrations of metal ions in serum samples, measured with graphite furnace atomic absorption spectrometry, may fall outside the limits of detection, with values often assigned arbitrary figures. 21 Furthermore, analysis of serum is not sensitive enough to detect placental transmission of metal ions. 22 This type of transmission has been proven to occur when high-resolution inductively-coupled plasma-mass spectromentry was used to analyse whole blood samples.
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The process leading to the release of metal ions into the systemic circulation is complex, and is thought to be determined by patientrelated, surgical technique-related and implantspecific variables. Rim contact, impingement, acetabular component deformation, point loading, sliding distance and the thickness of the lubricating fluid film can all influence the extent of a metal ion generation. 23 We believe that the alignment of both the femoral and acetabular components is critical to this process. We expect larger implants to have improved wear characteristics and to be associated with reduced systemic ion concentrations because of improved fluid-film lubrication.
We have therefore analysed the effect of these variables in a large series of consecutive patients with a wide range of sizes of the femoral component.
Patients and Methods
Between April 2004 and August 2006, the senior author (AVFN) performed the first consecutive series of hip resurfacing arthroplasties using the Articular Surface Replacement (ASR; DePuy International Ltd, Leeds, United Kingdom). These patients were enrolled in a prospective, single-surgeon, independent study. Informed consent was obtained from the patients at the time of their operations. All the patients agreed to long-term clinical and radiological follow-up and to post-operative measurement of metal ion levels in whole blood. Specific exclusion criteria were bilateral resurfacing arthroplasties and other metal implants at the time of blood sampling. Patients with abnormal serum urea/creatinine concentrations were not considered for hip resurfacing, since impaired renal function can result in dramatically elevated serum chromiun (Cr) and Co concentrations. 24 Blood samples were obtained at more than 12 months after operation when the implants were anticipated to have passed the 'bedding-in' phase and, theoretically, had reached a steady-state wear. 25, 26 This series represents the first 76 patients to meet the above criteria. Their clinical details are summarised in Table I . The mean follow-up was 26 months (13 to 44). The ASR prosthesis. The femoral and acetabular components are made of cast high-carbon-Cr-Co-alloy. The surface roughness (Ra) should be no greater than 0.05 μm, the deviation from full sphericity less than 10 μm and the radial clearance less than 10 μm (manufacturer's data; DePuy International). The prosthesis is intended for hybrid fixation, with a cemented femoral component and a press-fit cementless acetabular component with an external porous coating (Porocoat, Depuy, Warsaw, Indiana) with a volume of porosity of between 40% and 50%. The acetabular component subtends less than a hemisphere to allow for shallower seating and potential preservation of acetabular bone stock. The design of the implant and the surgical technique (posterior surgical approach) did not change throughout the study period. The median diameter of the femoral components used was 46 mm in women and 51 mm in men (41 to 59). Metal ion sampling and analysis. Venous cannulation was performed with a 21-gauge stainless-steel needle (Venflon, Becton Dickinson, Helsingborg, Sweden), with disposal of the first 5 ml of blood to avoid contamination. All samples were frozen and sent for blinded trace-element analysis to the Biochemistry Department of the Royal Surrey County Hospital, Guildford, United Kingdom. The concentrations of Cr and Co in serum, whole blood and erythrocytes were measured using inductively-coupled mass spectrometry.
The measured isotopes were 52 Cr and 59
Co. Collision cell mode, using 7% hydrogen in helium, was adopted to eliminate isotopic interferences. Blood samples were diluted 50-fold in 1% v/v nitric acid containing germanium as an internal standard. The analysis was calibrated using matrix-matched standard solutions prepared in horse blood. A series of reference materials was analysed within the same analytical run to demonstrate the accuracy of the results. The concentrations of metal ions was expressed as micrograms per litre (μg/l). Radiological measurements. These were obtained from digital post-operative standing anteroposterior pelvic radiographs, with the patients in their natural weightbearing position. Care was taken to minimise pelvic malrotation. The AGFA IMPAX ES Web 1000 version 5.1 (AgfaGevaert Group, Mortsel, Belgium) and Einzel-Bild-Roentgen-Analyse (EBRA, University of Innsbruck, Innsbruck, Austria) software were used for analysis. All the angles described were radiological. These may have differed from anatomical angles and angles measured intra-operatively. 27 All the radiological measurements were performed by two of the authors (DJL and SSJ) and the mean values were used. They preceded the metal ion analyses. The following measurements were made ( Fig. 1) : Inclination of the acetabular component. The ASR acetabular component has an obvious change in contour at the outermost limits of the convex surface. The superolateral and inferomedial apices were identified and joined. This line was extended inferiorly to subtend an angle with the inter-teardrop line. Plain radiography has been shown to be a reliable method of measuring the inclination of acetabular components. 28 Measurements performed using IMPAX software were compared with those obtained with EBRA.
Acetabular version. This was analysed using EBRA software, a method previously validated in the literature.
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The stem-shaft angle. In order to determine the angle at which the femoral component was positioned, relative to the femoral shaft in the coronal plane, a line was drawn perpendicular to the base of the component. The angle subtended by this line and the anatomical axis of the proximal femur was defined as the stem-shaft angle. This was preferred to measurements using the prosthetic stem as a reference because the ASR stem has a tapered configuration. Stem-neck alignment. This was calculated by subtracting the pre-operative femoral neck-shaft angle from the stemshaft angle. The resulting figures were assigned positive values when the femoral component was aligned in relative valgus, and negative values if aligned in relative varus. Statistical analysis. The results were analysed using Spearman's correlation analysis by calculating the correlation coefficient (r) between the independent variables (radiological measurements, gender, age, the duration of followup, the University of California, Los Angeles (UCLA) activity score 31 at most recent follow-up and the dependent variables (Cr and Co concentrations)). Statistical significance was defined as p ≤ 0.05. Once statistically-significant correlations had been identified, the respective variables were put forward for multiple linear regression analysis. Statistical analysis was carried out using SPSS version 16.0 (SPSS Inc., Chicago, Illinois).
Results
The concentration of metal ions in whole blood is regarded as the most accurate representation of systemic exposure to metal. 11, 25 Serum and whole blood concentrations were found to correlate well with each other for both Cr and Co (r = 0.917, p < 0.001, r = 0.851, p < 0.001, r = 0.890, p < 0.001 and r = 0.965, p < 0.001, respectively; Table II) . Thus, we used the whole blood ion concentrations throughout the study. The concentration of Cr in whole blood strongly correlated with that of Co (r = 0.890, p < 0.001). For convenience, therefore, the results for Cr were used in the graphical analyses.
One female patient had revision at 14 months postoperatively because of aseptic loosening. Her whole blood Cr and Co concentrations immediately before revision were 5.25 μg/l and 7.82 μg/l, respectively. No other patient in the series has undergone or is awaiting revision. Reliability of measurements. Measurements of the acetabular component using EBRA showed a mean inter-observer difference of 1.4° (maximum 7.6°, SD 2.6). For the inclination angle, the mean inter-observer error was 0.2° (maximum 2.4°, SD 1.3) using EBRA, and 0.4° (maximum 6.8°, SD 2.4) using the standard radiological method (IMPAX). Measurements of the inclination angle performed with the IMPAX software showed a mean difference of 0.6° (maximum 8.8°, SD 2.4) compared with those obtained using EBRA.
A Bland-Altman plot of these results showed adequate inter-observer reliability. In addition, sufficient reliability THE JOURNAL OF BONE AND JOINT SURGERY was found between the two techniques for measurement of the inclination angle with regard to the clinical implications. Throughout the text therefore our results are presented using the mean of the two observers (DJL, SSJ) measurements obtained with EBRA. Size of the femoral component. In 21 patients, a femoral component larger than 51 mm in diameter was used. The remaining 55 patients received implants with diameters of between 41 mm and 51 mm. Correlational analysis did not establish a significant relationship between femoral size and blood metal ion concentrations. However, excessively high values were obtained from two patients with femoral components of 51 mm. It is not clear whether these values represented a threshold value of the diameter of the femoral components above which metal ion concentrations tended to be low. With these values treated as statistical outliers, femoral size showed an inverse relationship to Cr (r = -0.328, p = 0.004) and Co (r = -0.315, p = 0.006) concentrations. As Figures 2 and 3 show, all patients who received a 'large' (≥ 53 mm) femoral implant had lower concentrations of metal ions, compared with those with a 'small' (≤ 51 mm) femoral implant. A MannWhitney U test showed that there was a significant difference in the concentrations of both Cr (large 1.9, small 9.8; p = 0.007) and Co (large 3.0, small 18.1; p = 0.004) in these two groups. Scatter plot of the size of the femoral head versus whole blood chromium ion concentrations for the 76 patients.
The metal ion concentrations in the blood of patients with large femoral implants showed no significant correlation with any of the variables investigated (Table III) . All other significant variables between the two groups were comparable except for the gender discrepancy (Table IV) . For the purposes of further presentation and analysis of data, the groups remained separated. Patients with a small femoral component. There were 28 men and 27 women who received femoral implants with a diameter of ≤ 51 mm. In men the median diameter of the femoral component was 49 mm (47 to 59) and in women it was 45 mm (41 to 51) (Mann-Whitney U test, p < 0.001). In the men and women of the small head group, significant differences were found between the mean femoral component size, angle of anteversion and time to follow-up. (Table V) . Ion concentrations in the blood of these patients correlated significantly with acetabular inclination and anteversion (Table III) . Acetabular inclination. There was a positive correlation between the inclination of the acetabular component and the concentrations of Co (r = 0.439, p < 0.001) and Cr (r = 0.372, p = 0.011). This relationship was main- Figure 6 shows the non-significant relationship between the inclination of the cup and Cr ion levels in the patients with large implants, demonstrating the distinctly different behaviour between implants of small and large diameter. Acetabular anteversion. There was a positive correlation between the anteversion of the acetabular component and the concentrations of Cr (r = 0.330, p = 0.01) and Co (r = 0.338, p = 0.008) in whole blood (Fig. 7) . These findings should be interpreted with caution, because anteversion of the acetabular components also correlated positively with inclination (r = 0.290, p = 0.018). Multifactorial analysis. The inclination and anteversion angles of the acetabular components were included in a multiple linear regression analysis model involving all patients. The correlation coefficient was 0.15 (p = 0.05).
Acetabular inclination was identified as the variable which best accounted for the variation seen in the concentration of metal ions. These results reflect the complex interaction between the dependent (ion concentrations) and independent (inclination/anteversion angles) variables. Most importantly, it is clear that none of the relationships were linear, thereby reducing the value of the correlation coefficient. 
Discussion-
Our results identified three variables which were associated with the concentration of metal ions in whole blood, namely the size of the femoral component and the inclination and anteversion of the acetabular component. None of the relationships was straightforward. It was clear that the larger femoral implants did not 'behave' in the same way as the smaller implants. The metal ion concentrations in the blood of patients receiving a large femoral component (diameter ≥ 53 mm) were significantly lower than those in patients with a smaller implant (diameter ≤ 51 mm). Overall, there was no significant difference in the alignment of the component between these two groups of patients.
A logical explanation to these findings may be the development of a thicker fluid film between the articulating surfaces of larger implants. A favourable film-thickness-tosurface-roughness ratio is desirable in order to maintain low frictional forces between the articulating surfaces and to achieve full fluid-film lubrication. This ratio is known as the lambda ratio and is proportional to the femoral diameter and clearance. 32 Fluid-film lubrication is enhanced by making the femoral head as large and the clearance as small as practically possible without causing jamming of the articulation. Altering these variables in this direction has been shown to reduce wear in metal-on-metal bench studies. 14, 33, 34 However, the smaller the clearance, the more the implants are susceptible to increased wear, if the acetabular component were to be deformed during implantation. 35, 36 Larger acetabular components may be more resistant to deformation, thereby maintaining adequate clearance and low-wear characteristics.
Our data suggest that there is a critical size of the femoral component above which the articular surfaces are likely to be protected from the adverse effects of malalignment of the component. Daniel et al 37 found lower metal ion concentrations in patients whose hips had been resurfaced with the Birmingham Hip Resurfacing (BHR) (Smith & Nephew, London, United Kingdom) arthroplasty, and no significant difference in ion levels was observed in regard to the size of the implant. However, only two femoral sizes were examined (50 mm and 54 mm), the study included fewer subjects (26) and the orientation of the acetabular component was not taken into account. A comparison of the results is given in Table VI . If a well-aligned acetabular component is defined as one with 40° (SD 5) of inclination and 15° of anteversion the metal ion concentrations in the well-aligned ASR group are comparable with those of the BHR group. The remaining 26 patients not included in Table VI fall in between having unsatisfactory anteversion or vice versa. inclination and There are no reports of metal ion concentrations in patients with smaller BHR implants or malaligned cups.
Vendittoli et al 38 found a weak inverse correlation between metal ion concentrations and femoral size, and a direct correlation with the inclination angle of the acetabular component when the Durom resurfacing arthroplasty (Zimmer, Winterthur, Switzerland) was analysed. The Durom is a sub-hemispherical resurfacing device with low clearance, similar to the ASR. In the small (≤ 51 mm diameter) implant group in our study, there was a trend towards higher blood levels of metal ions with inclination angles of the acetabular component above 45° and anteversion angles above 20°. Gross increases in anteversion and inclination may result in poor cover of the femoral component, thus decreasing the area available for generation of a fluid film. Articular surfaces which do not function under conditions of full fluid-film lubrication may be prone to more frequent surface-to-surface contact. Furthermore, if contact occurs, stresses may be transmitted over a smaller surface area. The fully hemispherical acetabular component of the BHR may protect against this phenomenon, since the available surface area is larger, thus promoting the generation of a lubricating fluid-film. However, this theoretical advantage of the BHR may be offset by the larger clearance of this implant.
Retrieval studies of metal-on-metal prostheses have confirmed that acetabular components with a high inclination angle demonstrate increased wear secondary to rim loading. 23 Our results are consistent with this observation. We have also shown the importance of anteversion of the acetabular component. It is clear that increased anteversion, especially when combined with increased inclination, will lead to a reduction in the effective joint surface area. A high anteversion angle alone may present major problems in resurfacing surgery of the hip. As the headneck unit is largely restored, a decreased head-neck ratio could lead to impingement of the femoral neck on the pos- 39 using a computer model of total hip replacement (although we recognise the difference in the head-neck ratio in comparison with resurfacing surgery), found that at an acetabular component anteversion of 30° and femoral anteversion of between 0°a nd 30°, posterior impingement could occur at hip extension of 20° to 50°. An increase in the inclination angle further reduced the range of extension before impingement occurred. 39 During the gait cycle the hip reaches extension of up to 20.4° (SD 4) in young adults and of 14.3° (SD 4.4) in healthy elderly individuals. 40 Therefore, some patients are at a higher risk of impingement, which may culminate in microseparation, 41, 42 rim damage 43 and possibly even subluxation. Some larger implants may be more forgiving in that respect.
Metal ions are not generated solely by mechanical wear. Another factor, which is extremely difficult to measure in vivo, is the effect of corrosion which is proportional to the surface area of the components. 44 As the concentrations of metal ions in our study were lower with larger components, it would appear that mechanical wear is the predominant process driving the generation of metal ions.
Our study has some limitations. Our analysis incorporated the patients body mass index, rather than weight. It has been reported that the type of lubrication of a prosthetic joint is affected by joint loading and thus patient weight. 32 Another variable which can influence lubrication, although omitted from our study for obvious practical reasons, is the viscosity of the synovial fluid. 32 Other limitations of our study included the absence of pre-operative Cr and Co blood concentrations and information on smoking history and any dietary supplements taken by the patients. The pre-operative concentrations of metal ions are known to correlate positively with post-operative values. 38 Finally, while the threedimensional orientation of the acetabular component was investigated, this was not possible for the femoral component. Although the femoral stem-shaft and neck-shaft angles were measured, the radiographs were not standardised in terms of rotation of the limb. We were also unable to measure the anteversion of the femoral component.
In conclusion, the orientation of the acetabular component in both planes appears to be critical in the generation of metal ions after ASR resurfacing arthroplasty of the hip. Inclination angles greater than 45° and anteversion angles exceeding 20° were associated with higher metal ion concentrations in our study. Larger acetabular components appeared to be more resistant to the effects of malalignment of the acetabular component (Table VI) . The median (and maximum) values of Cr and Co levels associated with wellpositioned cups (acetabular compoments placed with 20°o r less of version and 45° or less of inclination) were 3.0 (8.0) and 1.1 (6.5), respectively. When cups were placed beyond these boundaries, median Cr concentration was 5.9 (maximum value 69.8) and median Co was 6.7 (maximum value 271). The acetabular orientations associated with low metal ion concentrations in our study were within the limits recommended in previous studies on total hip replacement. 45, 46 Based on the results of our study, we recommend that attention should be directed towards optimising the orientation of the acetabular component in order to reduce the metal ion load to which the patient is exposed. Serious consideration should be given to the development of reproducible techniques which will improve the reliability of correct alignment of the acetabular component during resurfacing arthroplasty of the hip.
